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Interplanetary origin of geomagnetic activity in the declining
phase of the solar cycle

Bruce T. Tsurutani,! Walter D. Gonzalez,> Alicia L. C, Gonzalez, Frances Tang-3
John K. Arballo,! and MasakiOkada ¢

Abstract, Interplanetary magnetic field (IMV) and plasma data are compared with ground-based
geomagnetic st and AE indices to determine the causes of magnetic storms, substorins, and quiet
during the descending phase of the solar cycle. In this paper we focus primarily on 1974 when the

AE index is anomalously high (AE = 283 nT). This year is characterized by the presence of two
long-lasting corotating streams associated with coronal holes. The corotating streams interact with
the upstream low-velocity (300-350 km s!), high-density heliospheric current sheet (}1C'S) plasma
sheet, which leads to field compression and -15- to 25-nT hourly average values. Although the B.
component in this corotating interaction region (CIR) is often <-10 nl’, typically the field
directionality is highly variable, and large southward components have durations less than 3 hours.
Thus the corotating stream/HCS plasma sheet interaction region can cause recurring moderate
(-100 nT £ Dst< -50 n'T) to weak (-50 nT' < Dst < -25 nT) storms, and sometimes no significant
ring current activity at all (st >-25 nT). Storms of major (Dst< -100 nT) intensities weré not
associated with CIRs. Solar wind energy is transferred to the riagnetosphere via magnetic
reconnection during the weak and moderate storms. Because the B. component in the interaction
region is typically highly fluctuating, the corresponding storm main phase profile. is highly
irregular. Reverse shocks are sometimes present at the sunward edge of the CIR. Because these
events cause sharp decreases in field magnitude, they can be responsible for storin recovery phase
onsets. The initiadl phases of these corotating stream-related stor ms are caused by the increased
ram pressure associated with the HCS plasma sheet and the further density enhancementfrom the
stream-stream compression. Although the solar wind speed is generally low in this region of
space, the densities can be well over an order of magnitude higher than the average value, leading
to significant positive st vaues. Since there are typically no forward shocks at 1 AU assoctated
with the stream-stream interactions, the initial phases have gradual onsets. The most dramatic
geomagnetic response to the corotatingstreams are chains of consecutive substorms caused by the
southward components of large-amplitude Alfvén waves within the body of the corotating streams.
This auroral activity has been-previously named high-intensity long-duration continuous AL
activity (HILDCAASs). The substorm activity is generally most intense near the peak speed of the
stream where the Alfvén wave amplitudes are. greatest, and it decreases with decreasing wave
amplitudes and stream speed. Each of the 27-day recurring HILDCAA events can last 10 days or
more, and the presence of two events per solar rotation is the cause of the exceptionaly high AE
average for 1974 (higher than 1979). HILDCAAs often occur during the recovery phase of
magnetic storms, and the fresh (and sporadic) injection of substormenergy leads to unusually long
storm recovery phases as noted in Dst. In the far trailing edge of the corotating strearn, the IMF
amplitudes become low, <3 nT, and there is an absence of large-amplitude fluctuations (Alfvén
ywaves). This is related to and causes geomaegnetic quiet. There were three mgor (Dst<-100nT)
storms that occurred in 1974. Each was caused by a nonrecurring moderate speed streatwnled by a
fast forward shock. The mechanisms for generating the intense interplauetary B, which were
responsible for the subsequent intense magnetic storms was shock compi ession of preexisting
southwardly directed B, (B for the two largest events and a magnetic cloud for the third (weakest)
event, Each of the three streams occurred near a HCS crossing with no obvious solar optical or
Xray signatures. It is speculated that these events may be associated with flux openings
associated with coronal hole expansions. In conclusion, we present a model of geomagnetic
activity during the descending phase of the solar cycle. It incorporates storm initial phases, main
phases, HILDCAAs, and geomagnetic quiet. It uses some of the recent Ulysses results. We feel
that this model is sufficiently developed that it may be used for predictions, and we encourage
testing during the current phase of the solar cycle.
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Introduction

Recently, considerable attention has focused on the
interplanetary and solar causes of geomagnetic storms (here we
use the Gonzale: et al. [1994] definition of a magnetic storm as an
event with substantially negative st ) that have occurred at and
near solar maximum [Gonzalez and Tsurutani, 1987; Buriagaet
al., 1987; Tsurutani e al., 1988, 1992; Tangetal., 1989;
Gonzalezetal., 1989, 1992, 1994; Gosling et al., 1990, 1991,
Hoeksema and Zhao, 1992; Crooker et d., 1992a; Farrugiacetal.,
19933, b; Tsurutani and Gonzalez, 1995a]. Almost al of the large
storm events were associated with fast gects that have impinged
upon the Earth's magnetosphere, The mechanisms causing the
geomagnetic activity have been shown to be compressed
southward directed magnetic fields (B;) behind interplanetary
shocks [Tsurutani et al., 1988] or southward fields within the
magnetic cloud {Burlaga, et al., 1981; Klein and Burlaga, 1982]
portion of the driver gases (see Gonzalez et al.[1994] for a
review), Magnetic reconnection [Dungey, 196 !]between the
interplanetary and magnetopause fields is the energy transfer
mechanism creating the storms.

During the descending phase of [he solar cycle, high-velocity
solar gjects occur less frequently, and corotating high-speed
streams occur more often [Feynman and Gu, 1986]. The
corotating streams have been associated with polar coronal holes
[Kriegerer al., 1973, 1974; Timothyeral., 1975] that have
extended to latitudes close [o the ecliptic plane [Burlagaer al.,
1978]. Because the holes are (relatively) fixed at the Sun, the
high-speed streams “corotate” with the Sun’s ~27 day rotation rate
(Timothy et al.,1975).

It has been known for a long time {Bartels, 193S; Chapman
and Bartels, 1940; Dessler and Fejer, 1963] that moderate level
geomagnetic activity can occur with a -27 day period, Clearly, it
is the corotating streams [Burlaga and Lepping, 1977; Sheeley
er d., 1977; Burlagaet a., 197 9], the preceding heliospheric
current sheet (HCS) crossings [Smithet al., 1978], or the stream-
stream interaction regions [Beicher and Davis, 1971; Pizzo,1985]
that are responsible for such geomagnetic activity. It is the
purpose of this paper to determine what solar wind plasma and
magnetic field features are responsible for geomagnetic storms,
substormis, and geomagnetic quiet during the descending phase of
the solar cycle when the corotating streams dominate in
occurrence rate over fast ejecta. There are several reasons to
expect that the cause of geomagnetic activity will be considerably
different than during solar maximum. The corotating streams are
not expected to have embedded magnetic clouds with intense
southward fields, Also, because the plasma is continuously
emitted from [he coronal holes, fast forward (and reverse) shocks
should only form at the corotating interaction region (CIR)
boundaries [Smith and Wolfe, 1976]; for example, see Figure 13 of
Belcher and Davis[ 1971]. Pioneer 10 and 11 observations have
shown that fast forward shocks associated with corotating streams
typically do not form until -1.5 AU from the Sun, and reverse
shocks not until -2.5 AU [Smith and Wolfe, 1976]. The absence
of a forward shock at the antisolar edge of a fast stream and a
-27-day recurrence of the stream has been used to identify such
corotating structures.

This paper will attempt to build on previous solar wind works
which have dealt with the plasma density enhancements near
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heliosphere current sheets [Belcher and Davis, 1971; Burlaga et
al, 1978; Borriniet al., 1981 1, high-speed corotating streams
adjacent to the HCS plasma sheet [Sheeley et al., 1976, 1977,
Gosling eral., 1976] (these structures have been called HCS
plasma sheets by Winterhalter et al. [1994]), magnetic sector
structures or heliospheric current sheets [Ness and Wilcox,1964;
Wilcox and Ness 1965; Smither al., 1978], high-speed corotating
streams adjacent to the HCS plasma sheet [Sheeley et al., 1976,
1977; Godling et al., 1976], and stream-stream magnetic field
compressive effects [Burlagaet d., 1977, 1978]. The purpose of
this paper will be to put the above structures into context and to
specifically address the nature of the interplanetary magnetic field
(IMF) B, component, which will be shown to be the primary
factor in causing geomagnetic activity/lack of activity during the
descending phase. of the solar cycle.

Data Selection and Method of Analyses

We have selected three years during the descending phase of
solar cycle 20 for this study (1973- 1975). This particular interval
was chosen because of the presence of two long-lasting coronal
holes that provided corotating high-speed streams in the
interplanetary medium [flansener al., 1976; Burlagaet al., 1978;
Tsurutani et al,, 1982 Lindblad and Lundstedt, 1983; Lindblad,
1990], Although all three years have been analyzed, for purposes
of illustration we will focus primarily on the datafrom 1974. This
year contains the cleanest, most unambiguous examples of
recurring streams and is representative of the three years of study,

In order to perform this study, both low tempora resolution
(-1 hour) and high-resolution (seconds to minutes) magnetic field
and plasma data are used. The former will be used to illustrate the
large-scale timing features of the high-speed streams and HCS
plasma sheet events, and the latter to study the detailed causes of
the southward B, (B;) events, We have used the OMNI 1 -hour
averages of the interplanetary parameters for the former and have
also obtained high-resolution IMP 7 and 8 plasma and magnetic
field data from the National Space Science Data Center, Goddard
Space f-light Center, for the latter. Because the IMP spacecraft
are Earth-orbiting, there are interplanetary data gaps when the
satellites enter the magnetosphere/magnetotail. These gaps
unfortunately cannot be avoided. For the high-resolution data, the
gaps are filled with straight lines. Ds: (1 hour) and AE (2,5 rein)
indices are used to indicate geomagnetic storm activity and
substorm activity, respectively. The 2.5-rein AE indices were
averaged to 1 hour where appropriate, Dst has been shown to be
linearly related to the total ring current particle energy by Sckopke
[1966], and we use this index as a proxy for the latter. Three-hour
ap indices are shown as well, These indices were. obtained from
the World Data Center A (WDC-A), Boulder, Colorado,

We use the WDC-A uncorrected Dst indices throughout the
paper. Intervals such as the initia phases of storms can be better
studied without introducing pressure corrections; thus our usage of
raw values, It should be noted, however, that for some main
phase intervals, the uncorrected values can depart from the
corrected values. Thus some storm intensities might be greater
than those shown in this paper.
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Results

High-Speed Corotating Streams and Associated Magnetic
Field Structures

Figures | and 2 illustrate hourly averages of the magnetic field
and plasma data and geomagnetic indices for the year 1974,
These figures are shown to give an overview of the geomagnetic
activity for the entire year (high-resolution plots are available
upon request from the authors). In Figure 1, from top to bottom,
are the interplanetary magnetic field B,component in GSM
coordinates, Dst, the solar wind speed, and the magnetic field
magnitude. In the GSM coordinate system, x is toward the Sun,
yisdefined by nxx/laxx 1, and Z forms a right-hand system
Here 7 is the south magnetic pole direction. Figure 2, to the same
scale, has GSM B, By, solar wind proton density, and
[temperature. Solar wind speed is repeated in [he middle panel of
Figure 2 as a reference, so that this figure can be related to
features in Figure 1. At the top of both figures, the IMF sectors
are indicated, with the plus and minus signs indicating positive
and negative sectors. Positive sectors are those in which the fields
are directed outward from [he Sun,

There are several important points to note in Figure 1. The
first is that there are many high-speed streams present (sometimes
more [ban two per solar rotation) with peak speeds up to 800 km
s! Moststreams have a characteristic profile of a fast rise in
speed and a long decay [Neugebauer and Shyder, 1966], Some
excellent examples of this are the three streams within days 24-68
and the three streams within days 177-214. Other streams have
profiles which indicate that the streams are composed of severa
partially overlapping events. Examples of the latier can be found
within days 161-176 (with “small-amplitude” stream onsets on
days 162, 163, 166, and 171 ) and within days 25-41 (with onsets
on days 25, 28, and 30).

In Figure 1, two main recurring streams are present in the first
two thirds of the year. Stream onsets are present for the
consecutive 27-day periods of days 24, S1, 78, 105, 132, 159, 186,
213, and 240. This sequence also extends back intimeinto 1973
and also forward into 1975, but with less regularity than the events
discussed abave. We will refer to this recurring stream as the
sequence 1 stream. A second seguence of streams is located
between the sequence 1 streams, with onsets on days 15, 41, 68,
95, 122, 150, 177, 204, and 231, ‘I’his second recurring stream
will be caled the sequence 2 stream. None of these streams had
fast forward shocks, in agreement with the Smith and Wolf [ 1976)
empirical model. Beyond day 231 the streams become somewhat
more complex, so we will focus on the first two thirds of the year.

The bottom panel of Figure 1 shows the hourly averages of the
magnetic field magnitude. The highest field magnitudes that
occurred during the year are located near the leading edges of the
high-speed streams. Almost al of the large fields that have hourly
averages greater than 15 nT are of this type. Examples are present
on days 25-26, 150-151, 161-162, 176-177, 187, and 204. The
maximum (hourly average) intensities for these events lie in the
range of 10 to 25 nT.

There were only four cases where hourly average field
strengths exceeded 30 nT. These events occurred on days 187,
232, 258, and 286. Three of these events are associated with




major {Dst < -100 nT) magnetic storms, labeled the A, B, and C
events, Each is associated with a solar gects event and not with a
corotating stream. This will be discussed in depth later.

Interplanetary Events Causing Magnetic Storms (Dst)

The second panel of Figure 1 is the hourly average Dst values
for the year. There are two notable features in this panel. The
first is that there are only a few major (Dst< -100 nT) magnetic
storms during the entire year. These are the previously mentioned
event A, on day187(Dst = -205 nT), event B on day 257 (Dst =
-140 nT), and event C on day 285 (Dst=-115nT). All three of
the high-speed stream events are led by fast forward shocks
(shown later). These streams do not recur at 27-day intervals (it is
noted however, that the latter two events are separated by 28
days).

The next highest level of magnetic storm intensities during
1974 occurs in a narrow range of -85 nT <Dst<-70 nT. here
are four storms in this grouping, and they occur on days 75, 80,
108, and 204. Each of the events is associated with large,
~15-nT (hourly average) interplanetary magnetic field
magnitudes, These large fields are located in and near the high-
velocity/low- velocity stream interfaces, The stream events on
days 80 and 108 are sequence 1 corotating streams. The stream
event on day 204 is a sequence 2 stream. The event on day 75isa
smaller, impulsive stream located between the two main sequence
corotating streams.

The storm intensities associated with the nicely periodic (27-
day) sequence 1 and 2 stream structures are only modest at best.
As noted above, from day 1 to day 241, during nine solar rotations
and 18 magjor corotating Stream appearances, there were only three
stream appearances associated with Dsr<-70 nT values, Most
(12 of 18 events) of [he above high-speed streams cause only
small Ds: disturbances of Dst> -50 nT. Sometimes the
geomagnetic disturbances were not even perceptible in Dst
Examples of this latter type of small (2 -25 nT) disturbance, or no
storm at all are present on days 15, 41, 68, 95, 123, 134, 150, 162,
177, 231, and 241. The peak speed gradient and peak magnetic
fields of these streams are not much different from those that
cause storms with intensities of Dst < -70 nT, however.

The top panel of Figure 1isthe IMF B, component in GSM
coordinates. Large, southward B, spikes are coincident with
storms with -85 nT < Dst<-70 nT. Examples can be found on
days 74-75, 80, 108, and 204. Other large southward B, spikes (<
-10 nT) can be noted on days 24-25, 75 and 214. These events are
related to moderate intensity storms. Presumably, magnetic
reconnection is the mechanism of solar wind energy input into the
magnetosphere for these events,

Geoeffectiveness of the Two Corotating Steam Seguences

The two streams, sequences 1 and 2, vary in their
geoeffectiveness from solar rotation to rotation and over their
stream lifetimes. Of the two sequences, the first is more
geoeffective at the beginning of the interval studied. Sequence 1,
starting on day 25 and progressing at 27-day intervals, caused
peak Dst values of -65, -20, -75, -85, -45, -30, “A,” -60, and
-35 nT. The seventh event of the sequence near event A is
indeterminate because the large “A” storm overshadows any




activity associated with the corotating stream. From Figure 1 the
reader can note that the speed of the stream decreases steadily
throughout the seguence. The pesk speed starts near -800 km
s~'and declines to ~ 600 km s’ near the end of the sequence.

Sequence 2, startingat day 15 (and progressing at 27-day
intervals) caused peek Dst values of -20, -20, -30, -50, -30, -25,
-40, -75, and -35 nT. The peak speeds of the streams at the
beginning of the sequence have values of --600-650 km S-. This
value rises more or less continuously throughout the sequence
until a peak speed of 800-8S0 km s'! is reached for the last four
appearances of the stream. A sharp magnetic spike of magnitude
15-20 nT is present at the high-speed stream-slow stream
interaction regions during the last appearances of this sequence.
Again, there is not a direct relationship between pesk solar wind
speed and Dst

It should be noted that previous studies have described the
general relationship between solar wind speed and geomagnetic
activity during this phase of the solar cycle. Sheeley et al. [ 1976.
1977] and Gosling et al.[ 1976] have examined the same interval
of time (and other intervals as well) and have come up with
similar but more general conclusions.

Positive Dst Intervals

Two other features in the Dst plot are noteworthy, One is that
there are severa intervals where Dst has positive (- +10 to +20
nT) values for several days a a time.These features can be
related to specific solar wind parameters. Examples of positive
Dst events are found on days 14, 40, 50, 78, 105, 132, and 227.
The onsets of these events are gradual, and the magnitude of Dst
typically increases with time, The events start days before the
appearance of the high-speed streams. Each event is associated
with a slow solar wind stream located between the two high-speed
coronal hole streams, For the events mentioned above, the
minimum solar wind speed was approximately 350, 310, 330, 330,
310, 330, and 300 km s'1, respectively. The densities during these
intervals are 20, 10, 7, 12. 10, &, and 30 cm-3, which are either
typical of solar wind densities or slightly on the high side, These
values increase with time to 20, 44, 38, 20, 30, 12, and 40 cm?,
Although the solar wind speeds are low, the high plasma densities
cause an increased ram pressure and thus the positive Ds: values.

Dst Recovery

Another feature to note in the Dsr panel of Figure 1 isthe very
long recovery phases for the small magnetic storms generated by
the corotating high-speed streams, Most recoveries last 1 week or
longer, sometimes even until the next stream arrives. This is
substantially different from what happens with storms that occur
at and near solar maximum (a standard decay time of the solar
maximum storms is <10 hours [Gonzalez er al., 1989]. In this
epoch, long recovery phases are the rule rather than the exception.
Some prime examples of this are found on days 25 to 35,80 to 92,
and 108 to 122 for the sequence 1 streams and days 204 to 214
and 231 to 241 for the sequence 2 streams. Many other examples
are present in the figure and for those in 1973 and 1975 (not
shown).

Some storm “recoveries’ have Dst negative intensities which
are relatively constant for days on end. Two good examples of




this feature are present on days 52-60 and 135-138. Both of these
events are associated with sequence 1 streams. On day 52 the Dst
event onset coincides with a very small amplitude precursor solar
wind stream prior to the main, high-speed stream, and the Dst
depression continues well into and beyond the speed peak.

The days 135-138 event is shown in higher temporal resolution
in Figure 3. The panels are the solar wind plasma parameters,
plus interplanetary magnetic field components and magnitude, and
AF and Dst. There is a moderate speed precursor stream on day
134 (Figure 1) prior to the sequence | stream. In Figure 3 the
slow rise in speed of the sequence ! stream starts near the end of
day 135 and continues throughout day 138. Dst liesbetween --10
nT and -50 nT for these four days. This region of more or less
continuous low-level Dst occurs both on the trailing edge of the
precursor stream and on the leading edge of the larger sequence 1
corotating stream.

The causes of these small st decreases can be understood by
examining simultaneous AZ indices. There is amost a one-to-one
correspondence between substorms{(A£) and ring current
increases (Dst decreases). Substorms are continuously occurring
during this 4-day interval. Substorms cause the sporadic Dst
decreases and prevent a full recovery of the ring current to quiet
day values, This continuous A£ activity is a high-intensity long-
duration continuous AF activity (HILDCAA) event [Tsurutani
and Gonzalez, 1987]. These substorms are caused by negative 3.
components which are parts of large-amplitude Alfvén waves
[Tsurutani et al., 1990]. The Alfvén waves will be discussed
later.

All of the other storm long recovery phase events are
associated with HIL DCAA events. These in turn are associated
with large-amplitude Alfvén wave events where the wave
components have significant negative B, components. One
possible interpretation of these results is that the B; components of
the Alfvén waves lead to magnetic reconnection and substorms,
and these substorms lead to the injection of small amounts of
particle energy into the outer regions of the magnetosphere where
they decay rapidly. More on this topic will be stated in the
following section.

Substorm (AFE) Relationship to Storms (Dst)

Figure 4 gives the ap and AE indices for 1974 with the Dst
index repeated as a reference. The AE and Ds: indices are
I-hour values, and the ap indices are 3-hour values, As
previously stated, the annual AE average is an exceptionally high
value of 283 nT [Saba, 1992], However, it can be noted that AE
rarely attains (hourly average) intensities above 1200 nT. All
cases of high AE events occur during relatively large magnetic
storms, The AE > 1200 nT intervals are found on days 54 (-1200
nT), 94 (-1400 n1), 109 (-1300 nT), 186-187 (-1400 nT), 204
(-1200 nT), 231 (-1200 nT), 241 (-1400 nT), 259 (-1400 nT),
270 (--1200 nT), and 289-290 (-1300 nT).Events on days 186-
187,204, 231, and 288-289 occurred during storm main phases.
On days 54, 109, 259, and 261 the peak AE events occurred
during storm recovery phases. For the latter cases, significant ring
current intensifications (Ds¢ decreases) are associated with these
AE events. .

To answer the question, "If the peak AE values are not
exceptionally large, then what is it that causes the average AE
value for 1974 to be unusualy high?’, we compare the AE index




to Dst for sequence 1. Starting on day 25, we note that AE reaches
a peak intensity of -800 nT within one-half day, corresponding
quite closely to the Dst decrease in the storm main phase (day 25
is also shown in Figure 7; 2.5-rein average AE values are used for
[his latter figure). However, AE remains quite high for many days
afterward, up through day 31 and beyond. Throughout this
period, Dst generally recovers, but there are frequent small -10- to
20-nT decreases, indicating small ring current (energy) injections.
The next occurrence of the high-speed stream is on day 33. AE
oscillates between -250 nT and -1000 nT from day 53 through
day 60. The solar wind speed declines from a peak value of-750
km S’ to -600km s! throughout this interval. Dst has values
between -10 and -20 nT with no indication of decaying further.
Again, frequent small Dst decreases are associated with A E
increases.

The next passage of this sequence 1 high-speed stream occurs
on days 79-80. A peak velocity of ~750 km s-!is reached on day
80, and the stream speed decays to -540 km s'! by day 86. On
day 79 thereis a sharp increase in AE to peak values of -1000 nT.
This occurs concurrently with the storm main phase. AE remains
high until day 86, when there is a sharp but short drop and then a
return to high values.

The other appearances of the stream are similar ro those
discussed above. We skip to the last event where the stream speed
and strength have decreased substantially. The eighth appearance
of the stream occurs on day 214. On this day, AE abruptly
increases to -750 NT, decreases to 250 nT, and increases again to
-800 nT on day 215. Two Dst decreases correspond to these two
AE events. AE remains relatively high (100 to 600 nT) through
day 222, after which AE decreases below 200 nT. ‘I’ he solar wind
speed decreases to <500 km s-! after day 222. The association
among Vs, AE, and Dst is generally the same for stream
sequence 2.

Interplanetary  Alfvén Waves and HILDCAAs

What are the interplanetary feature(s) causing this AE activity?
Figure 5 gives an example of the IMF 8. component in
substantially higher time resolution. Atso included in the figure
are 2.5-min AF£ averages, B magnitude, and Ds: It can be noted
from the B, component of the field that the interplanetary
magnetic field is highly turbulent. Some of these field
fluctuations have large southward (B;) values. A oneto-one
correlation can be noted between B, decreases and AE increases,
indicating that magnetic reconnection is driving rnagnetospheric
substorms on Earth. Because the By events associated wirh these
fluctuations are not as intense and do not last as long as those
associated with the storm main phase events, particularly for those
of the A, B, and C events (here typicaly B; --5to -10 nT with
durations of -30 min to -2 hours), the ring current particle
injections caused by the Alfvén wave B; events are not as
substantial. Other periods have been examined with the same
general findings,

A cross-correlation analysis of 24 hours of the plasma and
magnetic field y components is given in Figure 6. At zero lag, Vy
and B), have a pesk correlation coefficient of 0,65, indicating that
these fluctuations are Alfvén waves propagating outward from the
Sun [Belcher and Davis, 1971; Tsurutaniet al., 1990]. The
southward deviations in the field associated with these waves are
causing the high-latitude (auroral) geomagnetic activity through




magnetic reconnection. Other 24-hour intervals where large-
amplitude B; fluctuations were present were analyzed. We obtain
similar correlation coefficients peaked at zero lag. If the time
intervals of analyses arc shortened to 12 or 6 hours, the correlation
coefficient increases to 0.8 or larger.

These relatively intense AE events presented here are similar to
the HILDCAA events previously noted during solar maximum
[Tsurutani and Gonzalez, 1987; Tsurutani er al., 1990]. ‘f"he only
apparent difference is that the Af. events discussed here do not
necessarily fit the stringent requirements that the A£ index remain
above [he 200-nT threshold for 48 hours and that AE <200-nT
intervals are less than 2 hours in duration. This somewhat
arbitrary HILDCAA definition waslis artificial, and the important
thing here is that more or less continuous auororal substorms
(HILDCAAs) are produced by the By components of
interplanetary Alfvén waves.

The cause of the strong AE activity during 1974 is the presence
of the two high-speed corotating streams that contain large-
amplitude Alfvén waves throughout the streams. The waves are
almost continuously present, far more so than during solar
maximum intervals When this plasma and field impinge on the
Earth’'s magnetosphere, the southward field turnings associated
with the wave fluctuations cause magnetic reconnection and
consequential high levels of AL activity. The waves appear to be
most geoeffective when the solar wind speeds are near their
maximum values, AF is found to decrease with decreasing solar
wind speed, particularly when Vg, decreases below 500 km s.
Speed is probably not the only physical cause, however. The
wave amplitudes are larger in the region of peak speed and
generally decrease with decreasing speed.

Twenty-Seven-Day Periodic Quiet Geomagnetic Intervals

Intervals of geomagnetic quiet have been noted as well (see
Figure 1). There are small intervals where AE1s generaly less
than 200 nT for days at a time, These events are found in
intervals that precede the onset of the high-speed corotating
streams. Examples of events somewhat prior to the sequence 1
streams are found on days 22-24, 49-50, 77-78, 102-105, 130-133,
and 224-227. Each of these intervals also partially overlaps with
intervals where Dst is positive (discussed previously).

Four of the six low-A# events mentioned above have common
interplanetary features, In these cases the velocities decrease from
560 to 310 km s*!, 520 to 300, 460 to 360, and 400 to 360 (with a
minimum of 300 km s!), respectively, The magnetic field
magnitude ranges from 6 to 3 nT,7t05,6t08,and5to 3 nT
during these intervals. The B, component variability during these
intervals was generaly small, There is a general absence of
Alfvén waves. There also may be a dight tendency for these
intervals to have an average positive B, value.

Severd plasma features are generaly consistent during the
above four events. They occur within the far trailing portion of
high-speed streams. The speeds start near 500 km s! and
decrease with time, The temperatures also decrease and the
plasma densities increase throughout the events. The densities
start at values near the lowest detected in solar wind, -3 cm®,
and increase to substantial values (as the HCS is approached). For
the five cases, N increases from 23 to 65 cm®(just prior to the
stream onset and HCS crossing at the start of day 25), 3to 12 cm®




(including a broad HCS crossing from days 105-106), 3 to 11 cm®
(just prior to a HCS crossing at the end of day 133), and 5 to 40
em3 (just prior to the HCS crossing at the beginning of day 231).
The higher ram pressures associated with the enhanced
interplanetary densities and the lack of ring current energy
injections (due to the presence of relatively weak (Bl without
directiona fluctuations) are the causes of the positive Dst values.

The two events that did not follow this genera pattern are
found on days 49-50 and 77-78. The first occurred in alow solar
wind speed region, 340 [0 430 km s'!, just prior to the HCS
crossing on day 51. The density was relatively high, 10 to 30
em?. The magnetic field varied from 9 to 4 nT. All of these
plasma and field features are similar to those occurring near the
end of the previous five events. The only difference is that the
event was not associated with a trailing portion of a high-speed
stream. The magnetic field was also distinctly northward during
this interval.

The final quiet event of [he seven events, the event on days 77-
7S, is associated with a moderate speed impulsive stream which is
located midway between a sequence 2 stream (onset on day 68)
and a sequence 1 stream (onset at the end of day 79). The smatil
stream creates a large magnetic magnitude compression on days
75-76 and a magnetic storm onset on day 75 associated with an
intense B event at the front end of the stream. In the quiet
interval the IMF magnitude decreases from 15 nT to 5 nT, and the
density varies from 15 to 4 err®. The HCS crossing occurs at the
beginning of day 79, just after the geomagnetic quiet event. The
main cause of this particular interval of geomagnetic quiet is that
B. is positive throughout the stream interval.

Twenty-Seven-Day Recurrencein ap Activity

The top panel in Figure 4 is the up index. This index is
constructed from midlatitude magnetometer stations. The index is
sensitive to and therefore represents both ring current and auroral
activity. By using ap done, it is ‘difficult/impossible ro tell
whether the activity is storm (Dst ) activity or high-latitude
substorm (A F) activity. The ap index is largest during the main
phases of the largest storms. However, [he index aso picks up
both the sequence | and sequence 2 corotating stream Alfvén
wave-related events as well. There is a clear 27-day periodicity in
this index. The 1973 and 1975 data contain similar features, The
most intense up intervals are those associated with impulsive
streams (gjects events), but there are clear 27-day period icities
associated with the coronal hole-associated streams as well. Thus
if one examined ap indices aone, one could obtain the impression
that there were intense 27-day recurring geomagnetic storms
rather than 27-day recurring intense high-latitude auroral activity
(there are recurring magnetic storms but they are low in intensity),
From these 3 years of study there are no 27-day recurring intense
(Dst £ -100nT) magnetic storms,

Corotating Stream Case Studies

To illustrate the types of phenomena associated with
southward B8, values that lead to the moderate Dst magnetic. storms

during 1974, we show two specific interplanetary corotating storm
examples. We will examine our high-speed corotating stream
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events at the beginning of the sequence 1 streams and an event
near the end of the sequence 2 streams.

Day 25

Prior to the beginning of the event illustrated (Figure 7), the
field has exceptionally low values of -1 nT at 1445-1700 UT on
day 24 and has an orientation that is in neither a plus or minus
sector polarity (see Figures 1 and 2). The solar wind has a low
velocity (300-3 10 kms™!) as well as alow proton temperature (-2
x 10* K). The plasma density is high, -20-30 cm™?, and causes
positive Dst values. These plasma features give a good indication
that the spacecraft (and Earth) is probably near the HCS [see
Winterhalter er d., 1994]. The low magnetcfield strengths (and
therefore low potential B, values) cause very low AE values, as
discussed previoudly,

From 1700 U-I" on day 24 to 1200 UT on day 25 [here are
steady trends in several of the plasma parameters. The magnetic
field increases from -1 nT to 25 nT. N increases from 15 cm™ to
80 cm? (at -0500 UT) and then decreases to 30 cm™>. There are
no significant velocity anti temperature gradients until -0400 UT
on day 25. At the beginning of this interval the solar wind speed
starts at 330 kms! and rises, and the temperature starts at 3 x 10*
K and rises. By 1200 UT, day 25, V,,, is -450 km s'! and T is
-5.5 x i0°K. The increasing plasma density leads to an increase
in the solar wind ram pressure and hence apeak Dsr of - + 35nT
at -0200 UT on day 25,

Beyond 1200 UT on day 25the velocity continues to increase,
reaching a maximum of 775 km s'!at -1900 U1 on day 25, The
temperature reaches a maximum of -6 x 10° K from 0800 to 1910
UT on day 25and suddenly decreases to 4 x 10°K at 19i0 UT.
This abrupt decrease is due to the presence of a reverse shock,
identified in the plasma and field parameters. The solar wind
speed jumps from 620 km s* !'to 740 km s°!, the density abruptly
decreases from 12 to 5 cm?, and the magnetic field magnitude
decreases from 22 to 10 nT. This example of 